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[1] Among aquatic and terrestrial landscapes of the McMurdo Dry Valleys, Antarctica,
ecosystem stoichiometry ranges from values near the Redfield ratios for C:N:P to nutrient
concentrations in proportions far above or below ratios necessary to support balanced
microbial growth. This polar desert provides an opportunity to evaluate stoichiometric
approaches to understand nutrient cycling in an ecosystem where biological diversity and
activity are low, and controls over the movement and mass balances of nutrients
operate over 10–106 years. The simple organisms (microbial and metazoan) comprising
dry valley foodwebs adhere to strict biochemical requirements in the composition of
their biomass, and when activated by availability of liquid water, they influence the
chemical composition of their environment according to these ratios. Nitrogen and
phosphorus varied significantly in terrestrial and aquatic ecosystems occurring on
landscape surfaces across a wide range of exposure ages, indicating strong influences
of landscape development and geochemistry on nutrient availability. Biota control the
elemental ratio of stream waters, while geochemical stoichiometry (e.g., weathering,
atmospheric deposition) evidently limits the distribution of soil invertebrates. We present a
conceptual model describing transformations across dry valley landscapes facilitated by
exchanges of liquid water and biotic processing of dissolved nutrients. We conclude
that contemporary ecosystem stoichiometry of Antarctic Dry Valley soils, glaciers,
streams, and lakes results from a combination of extant biological processes superimposed
on a legacy of landscape processes and previous climates.
Citation: Barrett, J. E., R. A. Virginia, W. B. Lyons, D. M. McKnight, J. C. Priscu, P. T. Doran, A. G. Fountain, D. H. Wall, and
D. L. Moorhead (2007), Biogeochemical stoichiometry of Antarctic Dry Valley ecosystems, J. Geophys. Res., 112, G01010,
doi:10.1029/2005JG000141.
1. Introduction
[2] In the McMurdo Dry Valleys of Antarctica (Figure 1),
physical processes are the dominant control over ecosystem
development, and biological activity is constrained by the
timing and spatial distribution of available liquid water; for
these reasons the region has been studied as an analog for
understanding surface processes on Mars [Fountain et al.,
1999]. In addition to severe physical constraints, the biotic
communities are also limited by the availability of organic
matter and nutrient elements, which are often present in
concentrations too low for growth or in proportions outside
the ratios necessary to sustain balanced growth of microbial
communities [Priscu, 1995; Nkem et al., 2006]. This
unbalanced availability of organic matter and nutrients
may further constrain biogeochemical cycling especially
for a system so close to the physical limits of life. Appli-
cation of a stoichiometric framework provides a common
currency (i.e., C, N and P ratios) to evaluate the relative
influence of biotic vs. abiotic controls over biogeochemical
cycling across dry valley landscapes comprising a gradient
of biological productivity, i.e., soils, glaciers, streams, and
lakes. This approach may also reveal linkages that occur
among ecosystems over geological timescales and their
response to climate variability [Moorhead et al., 1999;
Doran et al., 2002a].
[3] Biogeochemical stoichiometry has provided a useful
framework for understanding sources and controls of nutri-
ent availability, and has been widely applied in the study of
terrestrial and aquatic ecosystems [Redfield, 1958; Reiners,
1986; Sterner and Elser, 2002; Hessen et al., 2004; Vrede et
al., 2004]. Stoichiometric approaches are based on the
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general premise that organisms influence, and are influ-
enced by the chemical composition of their environment,
especially the relative availability of essential nutrients. For
example, applications of stoichiometry in terrestrial ecosys-
tems have considered how the mass balances and ratios of
nutrients are affected by the N and P content of resident
organisms and their influences over element fluxes, and
how the composition and productivity of a community is
ultimately constrained by the relative availability of these
nutrient elements as they vary over time [Walker and Syers,
1976; Tilman, 1985; Vitousek and Farrington, 1997; Hessen
et al., 2004; Wardle et al., 2004]. Geologically young
ecosystems are typically rich in P, because primary
mineral-PO4
3 is plentiful [Lajtha and Schlesinger, 1988;
Filippelli and Souch, 1999], while N is limiting because N2
fixers have had limited opportunity (time and C-substrate) to
increase available N in the soil [Vitousek and Farrington,
1997]. In contrast, geologically old ecosystems are typically
P limited, and may be regulated by low rates of P input from
dust and eolian redistribution [Chadwick et al., 1999].
Vitousek [2004] describes a clear example of nutrient
dynamics influencing ecosystem development (and vice
versa) in the Hawaiian Islands, where ecosystems of widely
varying age share similar parent material, biota and climate.
In sites spanning 4 million years, changes in foliar chem-
istry and plant nutrient limitations coincided with changes
in N and P availability [Crews et al., 1995; Vitousek et al.,
1995].
[4] Applications of biogeochemical stoichiometry have
been most effective in aquatic ecosystems where they are
used to describe multiple-element controls over productivity
and food web dynamics [Goldman et al., 1979; Hecky and
Kilham, 1988; Hassett et al., 1997; Turner, 2002; Wataru
and Cotner, 2004]. Progress in understanding the signifi-
cance of stoichiometry for ecosystem functioning in terres-
trial systems has been less successful than in well-mixed
aquatic ecosystems where a more homogenous environmen-
tal matrix and faster biogeochemical turnover results in
dissolved nutrient and planktonic ratios coming to equilib-
rium with the aqueous environment. This distinction is
largely a consequence of a greater prevalence of persistent
complex structural material in terrestrial systems (e.g.,
lignin and cellulose) that does not conform to strict
biochemical ratios followed by the largely protoplasmic
Figure 1. Study sites in the McMurdo Dry Valleys of Southern Victoria Land Antarctica (77S, 162 E):
1, Lake Fryxell; 2, Lake Hoare; and 3, Lake Bonney, Taylor Valley; 4, Lake Joyce, Pearse Valley;
5, Arena Valley; 6, Beacon Valley; 7, Lake Vida, Victoria Valley; 8, Lake Vanda, Wright Valley.
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biomass of aquatic systems, i.e, the Redfield ratio of
106:16:1 C:N:P [Reiners, 1986]. For example, the C:N
ratio of algal biomass in the dry valleys is close to the molar
Redfield ratio of 6.6:1, whereas a large woody plant has a
bulk C:N ratio typically greater than 100:1 [Reiners, 1986].
[5] In the dry valleys, which lack higher plants, the
biomass of microbial communities comprising terrestrial
and aquatic food webs have narrow physiological con-
straints governing their biochemical stoichiometry. Thus
biotic influences over biogeochemical cycling in extreme
ecosystems such as the dry valleys are expected to be
expressed as the degree to which the nutrient ratios of their
constituent pools and fluxes conform to Redfield stoichi-
ometry. In contrast, where the influence of biota are limited
by the physical environment, geochemical processes (e.g.,
physical weathering, aerosol and eolian deposition) domi-
nate ecosystem stoichiometry.
[6] In this paper we present new data and recently
synthesized information from glaciers, streams, lakes and
soils gained by a decade of research in the McMurdo Dry
Valleys LTER program, a period of observation spanning
warm and cold extremes in the recent climate record [Doran
et al., 2002b]. Our objectives are to evaluate the relative
influences of biotic and abiotic controls over the sources
and cycling of nutrients, and consider implications for
habitat suitability and the biological productivity of con-
temporary ecosystems. We hypothesize that direct biotic
control over ecosystem stoichiometry is coupled to avail-
ability and movement of liquid water, and that legacies of
climate and geology regulate sources of nutrient elements
and geochemical stoichiometry. We develop a conceptual
model that describes the potential for biological modifica-
tion of solute chemistry coupled to hydrological and eolian
transport of C, N and P across landscapes of the dry valleys.
We use this model to develop hypotheses describing con-
trols over contemporary nutrient limitation in aquatic eco-
systems and the long-term exchanges of nutrient elements
among dry valley landscapes.
2. Methods
2.1. Site Description
[7] The McMurdo Dry Valleys (7630 0– 7800 0S,
160000–165000E) comprise the largest ice-free area
(4800 km2) of the Antarctic continent and occupy a polar
desert environment with valley floor mean annual temper-
atures ranging from 15C to 30C and precipitation of
less than 10 cm yr1 water equivalent [Doran et al., 2002b].
Valley floors typically have fewer than 50 days where
average temperatures exceed 0 C [Doran et al., 2002b];
hence liquid water is unavailable across much of the
landscape for most of the year and is the primary limitation
to biological activity and soil weathering. The melting of
glaciers provides the primary source of water to dry valley
aquatic ecosystems [Fountain et al., 1999]; snow is an
important source of water for soils [Gooseff et al., 2003].
Glaciers feed melt-water streams for up to 12 weeks during
the summer [McKnight et al., 1999]. Glaciers also harbor
simple ecosystems in the surface ice of the ablation zone in
cryoconite melt holes that contain biotic communities
dominated by algae, cyanobacteria, heterotrophic bacteria,
protozoa, rotifers and tardigrades, and may significantly
influence melt-water dynamics [Wharton et al., 1985;
Fountain et al., 2004].
[8] Streams are an important conduit of material and
water across the dry valley landscape, linking glaciers, lakes
and soils. Interannual variation in stream flow is large, for
example, from 105 to >406 m3 total inflow to Lake Fryxell
between 1990 and 2003 [Jaros, 2003]. Stream channels are
underlain by a hyporheic zone in the shallow active layer of
the permafrost along channel margins where most of the
chemical weathering and exchanges between streams and
soils occur [Runkel et al., 1998; Nezat et al., 2001; Gooseff
et al.,2002; Maurice et al., 2002]. Algal mats colonize
streambeds stabilized by stone pavement [McKnight et al.,
1998].
[9] Lakes are the only perennial liquid water environ-
ments in the dry valleys; they maintain biological activity
year-round with food webs dominated by phytoplankton
and heterotrophic bacteria [Laybourn-Parry et al., 1997;
Priscu et al., 1999; McKnight et al., 2000]. Perennial ice-
cover limits turbulent mixing and most dry valley lakes are
strongly stratified by temperature and salinity [Priscu et al.,
1999]. The major influences over the chemical composition
of dry valley lakes are their landscape positions and climate
history [Lyons et al., 2000; Dore and Priscu, 2001].
[10] Arid soils are the most extensive landform of the
McMurdo Dry Valleys occupying 95% of glacier ice-free
surfaces below 1000 m [Burkins et al., 2001]. Dry valley
soils are derived from tills enriched in granites, sandstones,
dolerites and meta-sedimentary rocks that range from
Holocene to Miocene in age (Table 1). Soils are typically
alkaline, coarse textured, low in organic matter content, and
often have high concentrations of soluble salts [Bockheim,
1997]. No vascular plants or vertebrates inhabit the dry
valleys, and food webs are dominated by cyanobacteria,
algae, bacteria, fungi, yeasts, protozoan and few taxa of
metazoan invertebrates [Friedmann et al., 1993; Alger et al.,
1997; Laybourn-Parry et al., 1997; Freckman and Virginia,
1997; Priscu et al., 1999; Cowan et al., 2002; Bamforth et
al., 2005].
[11] The hydrological mass balances of glaciers, streams,
soils and lakes are linked over geological timescales
through the inundation and recession of glacial lakes in
low-elevation valleys, i.e., Taylor, Wright and Victoria
Valleys [Hall et al., 2001, 2002]. High stands of Glacial
Lake Washburn inundated Taylor Valley to 300 m at
Table 1. Location and Surface Age Estimates for Study Sites
Site
Latitude,
deg
Longitude,
deg
Elev.,
m
Surface Age,
KY
Fryxell basin, Taylor Valley 77 370 163 150 55 8–24a
Commonwealth Glacier 77 36 163 170 290   
Canada Glacier 77 370 162 580 264   
Hoare basin, Taylor Valley 77 380 162 530 80 75–98b
Bonney basin, Taylor Valley 77 430 162 190 110 75–98b
Taylor Glacier 77 440 162 080 334 . . .
Pearse Valley 77 430 161 310 420 N.A.
Beacon Valley 77 500 160 400 1050 7000c
Arena Valley 77 520 160 590 1093 8000c
aHall and Denton [2000].
bDenton et al. [1989] and Bockheim [2002].
cMarchant et al. [1996].
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40 000 YPB [Denton et al., 1989]. By about 7000 YBP the
West Antarctic Ice Sheet receded and Lake Washburn
drained, leaving several smaller lakes impounded in the
valley. Subsequent drawdown during a climatic drying
period reduced the lakes greatly by 1000 yr BP [Lyons
et al., 2000; Poreda et al., 2004]. Since that time the lakes
have refilled to their present state with bottom waters
preserving the history of these dry-downs in the elemental
composition and stoichiometry of the lake water [Poreda et
al., 2004]. Wright and Victoria Valleys may have experi-
enced similar cycles of lake expansion and recession [Hall
et al., 2001, 2002]. Stable isotope composition of soil C and
N pools indicates that a large proportion of contemporary
soil organic matter is derived from ancient lacustrine inputs
[Burkins et al., 2000]. A lacustrine contribution to contem-
porary soil organic matter is the basis of the legacy
hypothesis, which is a primary theme of the McMurdo
Dry Valley LTER program [Moorhead et al., 1999; Burkins
et al., 2000; Lyons et al., 2000].
2.2. Sample Collection and Analysis
[12] We present original data describing the elemental
stoichiometry of dry valley soils, glaciers, streams and lakes
based on samples collected between 1991 and 2002, and a
synthesis of the recent literature [e.g., Burkins et al., 2000;
Dore and Priscu, 2001; Gudding, 2003; Lyons et al., 2003;
Foreman et al., 2004, Lawson et al., 2004; Tranter et al.,
2004]. Biological data are discussed for soils (presence or
absence of invertebrates), glaciers (cryoconites), streams
(cyanobacterial mat density) and lakes (phytoplankton pro-
ductivity) in the context of the stoichiometry of the sur-
rounding soils, sediments and surface waters. Detailed
descriptions of sample collection, preparation and analysis,
including latitude and longitude, and timing of sampling,
are available through the MCM LTER public database at
www.mcmlter.org. All nutrient ratio data are presented in
molar units. Statistical analyses were performed using
JMP 4.1 (SAS Institute, Cary, NC, USA).
[13] We collected surface soil (0–10 cm depth) samples
from randomly determined locations in 10  10 m plots
established on level uplands (i.e., away from stream or lake
edges) in four of the McMurdo Dry Valleys: Taylor, Pearse,
Arena and Beacon (Figure 1). Multiple sites were sampled
in Taylor Valley corresponding to long-term data collection
and previous studies of major lakes, streams and glaciers.
These soils are associated with long-term experiments
located in Taylor Valley, and from less intensive sampling
in Arena, Beacon and Pearse Valleys spanning the 1999–
2000 and 2000–2001 field seasons. We measured soil
organic C and total soil N, and described and enumerated
soil invertebrate communities for the complete set of soil
samples (n = 220). Five replicate samples were selected
from soils collected from valley floors in each valley and
from the three major lake basins in Taylor Valley, and
analyzed for soil phosphorus content (n = 30). All soils
were collected in polyethylene bags using precleaned
Nasco
TM
trowels, stored in ice chests, and transported back
to the Crary Analytical Laboratory at McMurdo Station,
Antarctica for processing within 48 hours of collection.
[14] Soil invertebrate communities were enumerated
using a modified sugar-floatation centrifugation method
and inverted light microscopy [Freckman and Virginia,
1997]. In this paper we report only on the presence or absence
of identifiable nematode communities. We measured soil
inorganic N content on KCl-extractable pools using a Lachat
Quikchem AE Autoanalyzer (Loveland, CO, USA). Bulk
organic C and total N for soils, sediment and mat material
were determined on acidified and unacidified samples using a
Carlo Erba Elemental 1500 Analyzer (Milan, Italy). Soil
phosphorus content was determined colorimetrically (Lachat
Autoanalyzer, or manually on a spectrophotometer) on HCl
soluble fractions [Aspila et al., 1976]. Organic P fractions
were estimated from samples combusted at 550 C in a
muffle furnace [Aspila et al., 1976].
[15] Snow and ice samples were collected from the
ablation zones of the Commonwealth (n = 64), Canada
(n = 62), and Rhone Glaciers (n = 66). Surface snow and ice
(0–5 cm) were collected using acid-rinsed polyethylene
bottles [Lyons et al., 2003]. Samples were stored in ice
chests and transported to the Crary Analytical Laboratory
where they were analyzed on a DX-300 Dionex ion chro-
matograph (Sunnydale, CA, USA) [Welch et al., 1996].
Only dissolved inorganic N (DIN: NH4
+ + NO3
 + NO2
) and
dissolved PO4
3 are reported here.
[16] Stream and lake chemistry data presented here are
from annual LTER sampling campaigns conducted between
1991 and 2002. Much of the lake water chemistry has been
previously published [Priscu, 1995; Dore and Priscu, 2001;
Foreman et al., 2004]. Water samples were collected near
stream-monitoring gages or in stream mouths for each
stream (n = 907). Timing of sampling varied from weekly
to annually for different streams over the years studied.
Spatial coordinates for collections are available online (see
above). Water samples were filtered through precombusted
Whatman 25 mm GF/F filters. Filtrates were collected in
acid washed HDPE bottles and stored at 20C until
analysis at the Crary Analytical Laboratory. Analyses for
DIN were performed on a Lachat Autoanalyzer. Soluble
Figure 2. Soil organic carbon, total soil nitrogen and total
HCl-soluble phosphorus for soils (0–10 cm) of the
McMurdo Dry Valleys along a surface age gradient. Error
bars are ±1 SE of the mean. Sources for surface age
estimates are given in Table 1.
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Reactive P (SRP) was measured on a Lachat Autoanalyzer
or determined manually on a 10 cm cell using an ammoni-
um molybdate method [Dore and Priscu, 2001].
[17] Algal mat samples were collected from Green Creek
and analyzed for their organic matter and C, N and P
elemental chemistry. The mats in Green Creek are mainly
black and orange morphotypes consisting of Oscillatoria-
ceae, Nostoc and various diatom species [Alger et al., 1997].
Mat material was scraped from pavement surfaces within
the stream channel and transferred to sterile HDPE amber
sample bottles. Mat samples were filtered onto precom-
busted glass fiber filters (Whatman GF/F 45 mm), frozen
and stored until analysis. A subset of samples was analyzed
for ash-free dry mass (AFDM). Nutrient concentrations of
mat material are expressed on an AFDM basis. Total and
organic P fractions were estimated using HCl/combustion
procedures (described above).
3. Results
3.1. Soils
[18] Soil C, N and P content varied significantly over the
range of surface ages among sites in Taylor, Pearse, Beacon
and Arena Valleys (Figure 2). Carbon and N contents for the
entire data set (n = 220) ranged from maximum concen-
trations of 69 mmol C (g soil)1 and 580 mmol N (g soil)1,
to levels near the detection limits of automated elemental
analysis, particularly for soil N (<1.0 mmol g1). Soil C:N
ratios varied widely over the study sites coinciding
with differences in climate and elevation; the coldest
sites at higher elevations are also older and have higher
soil N content (Table 2). Soil invertebrate communities
were observed only in samples collected from Taylor Valley
where C:N ratios were above the Redfield ratio of 6.6:1 C:N
(Figure 3). Slopes of soil organic C vs. N were significant
for soils where invertebrates were present (C:N = 9.1 ± 0.8,
r2 = 0.53, P < 0.0001), but not where they were absent
(C:N = 0.04 ± 0.05, P = 0.45). Organic C content was
greatest in soils collected from the Fryxell basin in Taylor
Valley, and generally declined with surface age from the
youngest soils in the Fryxell basin of Taylor Valley to the
oldest soils in Beacon and Arena Valleys (Table 2, df = 5,
F = 10.58, P = 0.0002, Figure 2). Nitrogen content was
greatest in Arena Valley (Table 2, df = 5, F = 4.6, P < 0.01,
Figure 2), where exchangeable NO3
 dominated the soil N
budget. Nitrate concentrations were a large proportion of
total soil N in Pearse, Beacon and Arena Valleys (Table 2).
[19] Surface soil P concentrations across these sites were
in the range of 8–20 mmol P g1, with the highest P
concentrations occurring in the soils of Fryxell basin in
eastern Taylor Valley (Table 2, df = 5, F = 34.5, P < 0.0001,
Figure 2). Soil organic P followed the same patterns as total P,
with values that ranged from 4.6 to 4.0 mmol P g1. Fryxell
soils had the highest organic P content (Table 2, df = 5,
F = 3.92, P < 0.018).
3.2. Glaciers and Streams
[20] Nitrate concentrations of surface ice on the Common-
wealth Glacier were 1.58 ± 1.19 mM N (mean ± std. dev.),
1.39 ± 1.12 mM N on the Canada Glacier, and 2.06 ± 1.3
mM N on the Rhone Glacier. Phosphorus concentrations
were very low; 0.08 mM P as PO4
3 on the Commonwealth
Glacier, and below detection limits for samples collected
from the Canada and Rhone Glaciers (<0.07 mM).
Table 2. Carbon, Nitrogen, and Phosphorus Content of Soils in the McMurdo Dry Valleysa
Site SOCb TNc TPd Org. Pe C:Nf N:Pg NO3
 NH4
+
Fryxell, TV 35.8a ± 3.4 1.4b ± 0.1 21.83a ± 2.08 4.03a ± 1.74 25.08a ± 2.65 0.06c ± 0.01 0.01b ± 0.01 ND
Hoare, TV 20.0b ± 3.1 2.9b ± 0.3 10.39bc ± 0.20 0.46b ± 0.13 7.00b ± 6.29 0.28c ± 0.16 0.01b ± 0.01 ND
Bonney, TV 15.7bc ± 2.8 2.3b ± 1.3 8.87c ± 0.49 0.47b ± 0.20 6.41b ± 6.53 0.28c ± 0.25 0.03b ± 0.01 ND
Pearse Valley 12.8c ± 1.5 11.9a ± 0.6 9.98c ± 0.28 0.74b ± 0.22 1.07bc ± 0.33 1.20a ± 0.19 10.98a ± 1.04 0.02 ± 0.01
Beacon Valley 13.1bc ± 2.9 26.3a ± 14.5 14.06b ± 0.35 1.10b ± 0.77 0.50c ± 0.63 1.87a ± 0.19 14.93a ± 3.93 0.04 ± 0.02
Arena Valley 14.9bc ± 2.1 35.7a ± 12.8 10.33bc ± 0.89 1.25b ± 0.48 0.42c ± 1.37 3.46a ± 1.69 43.40a ± 26.16 0.25 ± 0.14
aMean surface soil concentration (mmol g1 ± 1 std. dev., n = 30). Means with the same letter are not significantly different (a = 0.05) by analysis of
variance and a Tukey-Kramer comparison of means.
bSoil organic C.
cTotal soil N.
dTotal HCl-soluble P.
eOrganic P (by combustion).
fSoil organic C:total soil N.
gTotal soil N:total soil P. ND denotes none detected.
Figure 3. Soil organic C and total N content for surface
soils (n = 220) hosting invertebrate communities (pluses)
and soils from locations where no invertebrates were found
(circles). The solid line shows the Redfield ratio of 6.61 for
C:N.
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[21] Dissolved inorganic N content of stream waters
varied significantly across streams among lake basins
(df = 3, F = 3.08, P = 0.047 by one-way analysis of
variance). Dissolved inorganic N was lower on average in
streams from the Fryxell and Hoare basins (3.16–4.83 mM
N) compared to stream water DIN in the Bonney basin
(41.69–43.36 mM N). Stream water SRP ranged from
0.27–0.40 mM P, but differences among streams in different
lake basins were not significant (df = 3, F = 1.5, P = 0.23).
This range of variability in stream water nutrient concen-
trations resulted in a >10 fold difference in N:P ratios in
streams across Taylor Valley as a function of location and
time of sampling (df = 3, F = 6.21, P = 0.003, Table 3).
[22] Elemental ratios of algal mat material (AFDW)
closely resembled the Redfield ratio of 106:16:1. Carbon:P
ratios were (mean ± standard error, n = 30): 107.2 (±8.9),
N:P ratios were 11.5 (±1.0), and C:N ratios were 9.4 (±0.2).
Variability in stream water chemistry was strongly associ-
ated with the presence of algal mats (Figure 4). Streams
with high algal mat density had significantly lower DIN
concentration relative to streams with less abundant algal
mats (df = 10, t = 3.08, P = 0.0012), and also marginally
lower SRP (d.f. = 10, t = 1.73, P = 0.05). Streams with
high density of algal mats had a statistically significant
Table 3. Mean (±1 std. dev.) Dissolved Inorganic N, Soluble Reactive P, and N:P Ratios of Taylor Valley Stream Water (1991–2000)a
Locations Visual Algal Abundance DIN mM-Nb SRP mM-Pc Molar N:Pd
Andrews Creek 2.77 ±1.84 0.29 ±0.11 19.24 ±38.51
Aiken Creek 3.01 ±4.01 0.78 ±1.37 4.24 ±6.63
Bowles Creek high 9.95 ±26.65 0.34 ±0.60 8.78 ±10.91
Canada Stream high 0.99 ±1.71 0.29 ±0.83 44.38 ±177.99
Crescent Stream 0.73 ±0.52 0.42 ±0.30 1.93 ±1.64
Delta Stream high 1.37 ±2.41 0.28 ±0.25 10.27 ±13.93
Green Creek high 3.06 ±12.95 0.43 ±0.72 6.62 ±10.42
Harnish Creek 3.07 ±2.41 0.49 ±0.40 5.83 ±5.37
Huey Creek low 6.11 ±7.33 0.71 ±0.81 8.36 ±9.21
Lost Seal Stream 3.06 ±4.50 0.84 ±0.39 2.75 ±3.62
Mariah Creek 4.92 ±3.97 0.56 ±0.40 10.14 ±7.50
McKnight Creek 0.62 ±0.60 0.27 ±0.16 2.32 ±1.61
Von Guerard Stream high 1.96 ±1.94 1.39 ±2.38 4.50 ±7.18
Fryxell streams 3.16b ±8.25 0.40 ±0.057 9.95b ±6.28
Andersen Creek low 6.201 ±4.377 0.306 ±0.186 27.941 ±27.660
House Stream low 4.89 ±3.41 0.12 ±0.16 102.14 ±123.49
McKay Creek 2.79 ±1.42 0.17 ±0.34 257.45 ±808.58
Wharton Creek low 4.02 ±2.70 0.21 ±0.39 43.01 ±36.55
Hoare streams 4.83b ±15.43 0.27 ±0.11 23.19ab ±16.56
Bartlette Creek 9.542 ±6.552 0.249 ±0.144 45.792 ±32.494
Bohner Stream low 11.761 ±10.028 0.474 ±0.124 22.891 ±16.722
Lizotte Creek 155.22 ±51.22 1.08 ±1.19 296.74 ±278.65
Priscu Stream low 6.47 ±8.59 0.35 ±0.29 38.78 ±123.27
Vincent Creek 0.59 ±0.66 0.28 ±0.31 1.69 ±1.01
East Bonney streams 43.36a ±15.43 0.59 ±0.11 45.92a ±18.38
Lawson Creek low 17.91 ±14.33 1.22 ±5.47 98.21 ±84.80
Lyons Creek 12.21 ±10.51 0.32 ±0.36 64.13 ±58.54
Red River 57.94 ±71.28 0.53 ±0.75 215.00 ±258.09
Santa Fe Stream 11.44 ±16.52 0.27 ±0.26 70.21 ±121.55
Sharp Creek 86.59 ±25.94 0.54 ±0.32 267.75 ±309.15
West Bonney streams 41.69a ±13.80 0.41 ±0.10 89.27a ±16.44
aAlgal abundance for selected streams are after Alger et al. [1997]. Basin means with different letters denote significant different at (a = 0.05).
bOne way analysis of variance among basins is: df = 3, F = 3.079, P = 0.047.
cOne way analysis of variance among basins is: df = 3, F = 1.54, P = 0.23.
dOne way analysis of variance among basins is: df = 3, F = 6.21, P = 0.0030.
Figure 4. Stream DIN and SRP for streams with high
(triangles) and low (circles) algal mat density based on
descriptions by Alger et al. [1997]. The solid line shows the
Redfield ratio of 16:1 N:P, the dashed line is the N:P of stream
waters from streams with high algal abundance (2.8 ± 0.96).
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regression of N vs. P with a slope term or N:P ratio of
2.8 ± 0.96 (DIN = 2.8*SRP, P = 0.004). Water chemistry in
streams without dense algal mats was much more variable,
and the slope of the regression between N and P (i.e., the
N:P ratio) was not significant (Figure 4). A test for
similarity of slopes indicated that N:P ratios for stream
waters where algal mats are dense are significantly lower
than where algae are sparse (df = 132, t = 2.02, P < 0.04).
There were exceptions to this trend in a high-flow year,
1991 [Jaros, 2003; Foreman et al., 2004]; in Green Creek
and Canada Stream the DIN content was 1–2 orders of
magnitude above average levels, generating stream water
N:P in the range of 100–1000 that are well above the ratio
for balanced growth.
4. Discussion
[23] Wind and water link landscapes of the dry valleys
[Lyons et al., 2003; Lancaster, 2002], and biological pro-
cesses alter the geochemical stoichiometry of liquid water as
it is generated on the glaciers, flows through the streams and
enters closed catchment lakes. Evidence for a large biolog-
ical influence over stoichiometry in the soils is lacking.
However, soils provide an important source of nutrients,
particularly N and P to lakes via eolian processes and direct
weathering in stream channels and in lake-margin sedi-
ments. A major trend to emerge from this analysis is that
sources of nutrients (N and P) in the McMurdo Dry Valleys
are often decoupled from the biota that facilitate their
transformation and the availability of liquid water that
controls their transport. Thus the material budgets of the
dry valleys and their stoichiometry may only be elucidated
by understanding biogeochemical and hydrological linkages
among aquatic and terrestrial systems.
4.1. Soil Age and Ecosystem Stoichiometry
4.1.1. Sources of N and P
[24] Soils are a critical landscape unit in ecosystem
stoichiometry because they maintain a large reservoir of
C, N and P relative to adjacent aquatic ecosystems. In the
dry valleys, soils are an important source of nutrients to
glaciers [Lyons et al., 2003], streams [Gooseff et al., 2002],
and lakes [Fritsen et al., 2000], influencing rates of nutrient
input and biological production. For example, eolian fluxes
of sediment in the Taylor Valley are 1–100 g m2 yr1
[Lancaster, 2002], resulting in a total redistribution of
1–200 kg yr1 of P between soils and lakes in Taylor
Valley (Table 4). Considering the large range of C, N and P
ratios found in dry valley soils, spatial variation in soil
nutrients and their inputs to aquatic systems likely
contributes to the widely different nutrient ratios of aquatic
ecosystems observed among the basins and valleys.
[25] The increase in N content observed along the soil
chronosequence is likely due to an accumulation of atmo-
spherically derived salts in soil surfaces where arid con-
ditions limit leaching [Bockheim, 1997] and presumably
prohibit denitrification. High concentrations of inorganic N
relative to total N are a distinctive feature of dry valley soils
and indicate that physical processes (deposition) operating
over long timescales without significant biotic modification
or physical loss can generate element ratios that depart
markedly from biological stoichiometry. Large concentra-
tions of salt combined with low organic C availability may
prohibit colonization by soil fauna (Figure 3) [Nkem et al.,
2006]. These saline soils occur in the coldest and driest
ecosystems in the dry valleys suggesting that climate
severity may also limit invertebrate distribution. However,
soil invertebrate communities have been reported as far
south as 83S in the vicinity of the Beardmore Glacier
where conditions are presumably much colder and also drier
[Adams et al., 2006], indicating that climate severity alone
is insufficient to account for differences in habitat suitability
among terrestrial Antarctic ecosystems.
[26] In contrast to ancient, saline soils, young soils had
low inorganic N concentrations, but high soil P (Figure 2).
Calcium-bound PO4
3 pools dominate soil P budgets for all
soils reported in Taylor Valley [Blecker et al., 2006],
indicating that while P is abundant in bulk soils, relatively
little of it is directly available to biota. The high P content of
the Fryxell basin is associated with the youngest glacial tills
in Taylor Valley [Campbell and Claridge, 1987; Gudding,
2003]. Estimates of soil P reservoirs based on till compo-
sition and mineralogy show that the high P concentrations
of the Lake Fryxell basin cannot be accounted for on the
basis of parent material mineralogy alone, but are likely a
function of the young soil age [Gudding, 2003]. Soils
occurring on young tills in the vicinity of Lake Fryxell
are also among the most favorable for biological activity
[Virginia and Wall, 1999; Parsons et al., 2004; Barrett et
al., 2006]. In addition, soils in the Fryxell basin have higher
concentrations of weathered P fractions (soluble, Al-bound,
Fe-bound, and organic P fractions) relative to a site in the
Lake Bonney basin [Blecker et al., 2006]. Thus the rela-
tively young soils of the Fryxell basin have the highest bulk
soil P and biologically available P.
4.1.2. Controls Over Soil N and P Cycling
[27] The highly imbalanced stoichiometry of some dry
valley soils indicates little biotic control over bulk element
ratios in soil ecosystems and may be a general characteristic
of extreme environments. For example, N:P ratios are well
below the nutrient ratios of soil organisms exhibiting
balanced growth (Table 2). These imbalances are most
strongly expressed in geologically young soils where
P concentrations are highest and in older soils where
concentrations of N (as NO3
) exceed C concentrations
(Figure 2). This broad range of soil N content observed is
striking, and results in widely varying soil C:N ratios (0.02
to 30) among different valleys (Figure 3), directly related to
high soil NO3
 concentrations in the older, higher-elevation
Table 4. Estimated Eolian Sediment and Associated Nutrient
(Organic C, Total N, and P) Fluxes From Soils to Taylor Valley
Lakes
Eolian Sediment
Flux,a
g m2 yr1
Eolian
Sediment
Chemistry,b
mmol g1
Eolian Nutrient
Flux,c
kg yr1
C N P C N P
Lake Fryxell 1.00 42.9 2.1 26.0 3.7 0.2 5.7
Lake Hoare 0.86 39.5 5.6 11.5 0.8 0.1 0.6
Lake Bonney 110.53 33.5 4.8 11.0 213.0 35.5 181.1
aLancaster [2002].
bGudding [2003] and MCM-LTER unpublished data (J. Barrett, 2004).
cCalculated with lake surface areas from Lyons et al. [2000].
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valleys. The dry valleys have high concentrations of inor-
ganic N, especially as NO3
 in surface soils relative to dry
temperate soils [Virginia et al., 1982]. High NO3
 accumu-
lation is a common feature of arid landscapes because of
low-biotic potentials for denitrification [Virginia et al.,
1982; Walvoord et al., 2003] resulting in a geochemically
mediated stoichiometry. In contrast, concentrations of total
and organic N in most of the dry valley soils examined were
low compared to nutrient concentrations and availability in
temperate soils, but are often high relative to the organic C
content (Table 2), generating elemental ratios that departed
widely from biological stoichiometry. The only other ter-
restrial systems with comparably imbalanced stoichiometry
(low C, high N, high P) are the hyper-arid soils of the
Atacama Desert [Ehleringer et al., 1992], which are a hot
desert analog of the dry valleys, and ornithogenic soils (high
C, very high N, very high P) in avian rookeries of Antarctic
maritime regions [Cocks et al., 1998; Barrett et al., 2006].
[28] Differences in biological activity and surface age are
associated with significant variability in concentrations of
surface soil C, N and P content, as well as the ratios of these
elements among the sites in Taylor, Pearse, Beacon and
Arena Valleys. Soil organic C content decreased across the
age gradient, coinciding with increasing elevation and
climatic severity [Doran et al., 2002b] and decreasing
biological activity and biodiversity [Virginia and Wall,
1999; Parsons et al., 2004]. Trends in N and P availability
evoke a pattern similar to the model of N and P retention
and ecosystem evolution of Vitousek and Farrington [1997]
and Wardle et al. [2004], but result from different
mechanisms. While biology (N2 fixation, and N and P
immobilization/retention) can account for trends in the
accumulation and retention of nutrients in temperate and
tropical ecosystems, the range of N and P in the dry valley
soils is largely determined by geochemical controls
including atmospheric deposition [Michalski et al., 2005]
and landscape age or weathering stage (Figure 2).
4.2. Hydrological Influences Over Stoichiometry
4.2.1. Sources of N and P in Aquatic Ecosystems
[29] Landscape position is an important control over the
stoichiometry of both aquatic and terrestrial ecosystems in
the dry valleys. For example, surface P concentration of
Taylor Valley glaciers varied with local soil P content and
the composition of eolian sediments (Table 4). Common-
wealth Glacier, the only glacier where surface P was
detectable, is located in the Fryxell basin where soil P
content is the highest in Taylor Valley. Gudding [2003]
also showed that the P content of eolian sediments is
greatest in the Fryxell basin and decreases along the
NE-SW axis of Taylor Valley. Similar influences of sur-
rounding landscapes on geochemistry have been reported
by Lyons et al. [2003] and Mulvaney and Wolff [1994] who
noted the importance of geography on surface glacier and
stream chemistry in this region, mainly as a function of
altitude and proximity to ocean water.
[30] The closed-catchment lakes of the dry valleys inte-
grate the biogeochemical stoichiometry of the glaciers,
streams and sediments of the basins they drain. Marked
differences in lake hydrology, chemistry, profiles and biol-
ogy are legacies of past climate history and of their
landscape position [Priscu, 1995; Lyons et al., 2000]. An
east-west trend in increasing N:P ratios observed for soil,
glacier and stream water chemistry is reflected in the surface
chemistry of Taylor Valley lakes [Priscu, 1995]. Long-term
(1993–2001) mean surface water (5 m) N:P ratios are: 18,
71, 632 and 357 for Lakes Fryxell, Hoare and the east and
west lobes of Lake Bonney, respectively [Foreman et al.,
2004], concurrent with an inverse trend in soil P content
(Figure 5). Only in the Fryxell basin, where soils contain a
surfeit of P do streams and lake water maintain N:P in the
range of the Redfield ratio (Figure 5). This trend suggests
that elemental stoichiometry and productivity in lakes may
be limited by a set of factors including the P content in
surrounding soils, the processing of P within adjoining
streams, and mechanisms of P redistribution among these
landscapes. Based upon this observation, we hypothesize
that the geochemical stoichiometry of inputs to a given
system, i.e., eolian sediments, surface glacial chemistry,
stream discharge, provide a first-order constraint on nutrient
availability and biological productivity [McKnight et al.,
1999; Lyons et al., 2003], while subsequent biotic uptake
and mineralization of nutrients in the water column may
determine the elemental ratios of ‘‘downstream’’ fluxes.
Each component of this hydrological continuum transforms
the chemistry of the through-put according to the degree of
biological modification or activity along the flow path
(Figure 6).
4.2.2. Controls Over Stoichiometry in Aquatic
Ecosystems
[31] Biotic influences on stoichiometry were most appar-
ent through changes in the relative concentration of
nutrients in water moving across the major aquatic land-
scapes of Taylor Valley, i.e., the hydrologic continuum of
glaciers, streams, and lakes (Figure 6). The elemental
stoichiometry of glacial melt is influenced by the chemistry
Figure 5. Plot of lake surface water N:P ratios and soil P
content for (from highest to lowest lake N:P): Lake Bonney,
Joyce (Pearse Valley), Hoare, and Fryxell. The fitted line is
a power function that accounts for 74% of the variance in
lake N:P ratios as a function of soil P (Lake N:P =
5563e0.40Soil P, P = 0.044).
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of the source material as well as by internal biological
transformations occurring in surface ice and cryoconite
holes [Tranter et al., 2004]. Glacial cryoconite ecosystems
appear to initiate the biological alteration of waters that
continues downstream along the hydrological continuum.
For example, Tranter et al. [2004] reported lower concen-
trations of DIN and PO4
3 in cryoconites relative to surface
glacier ice on the Canada and Taylor Glaciers, presumably
due to biological uptake. The N:P ratios of cryoconite
waters are also quite different from the surface glacial ice,
suggesting biological processing of nutrients. On the Can-
ada glacier, Tranter et al. [2004] report DIN and PO4
3
concentration generating N:P ratios of 146 for glacier ice
and 25 for cryoconites. The data indicate that cryoconite
biota alter the glacier ice chemistry by converting N to
organic forms and generating inorganic N:P ratios closer to
the stoichiometry of microbial biomass, i.e., 16:1. Cryocon-
ite holes occupy 7% of the glacier surfaces in Taylor Valley
[Fountain et al., 2004] and therefore may have an important
influence over the stoichiometry of glacial melt water and
nutrient through-flow.
[32] Steam water chemistry reflects glacial melt water
composition [McKnight et al., 1999; Lyons et al., 2003], but
is also influenced by internal processes within streams,
controlling the nutrient input to lakes (Figure 6). Stream
waters are elevated in both N and P relative to surface
glacier ice, indicating the important role of streams as
conduits of weathered material from soils and sediments.
Soils exchange nutrients in the active layers and hyporheic
zones adjacent to stream channels, contributing to the
influence of parent material on stream stoichiometry
[Runkel et al., 1998; McKnight et al., 1999; Gooseff et
al., 2002]. Parent material and glacial melt effects on stream
chemistry are modified by microbial mats which influence
the nutrient load of stream water through N2 fixation,
immobilization, and denitrification [Gooseff et al., 2004;
McKnight et al., 2004]. It is notable that the linear regression
of DIN vs. SRP, i.e., the N:P ratio of stream waters, was
significant only in streams with abundant algal mats
(Figure 4). Similarly, the linear regression of N vs. P was
significant only in soils with invertebrate communities
(Figure 3). Together these results demonstrate that there
are connections between biogeochemical stoichiometry and
resident biota in the dry valleys, though these relationships
may differ between aquatic and terrestrial ecosystems. It
appears that biota influence the elemental ratio of stream
waters, while geochemical stoichiometry (C:N) evidently
limits the distribution of soil invertebrates.
[33] The elemental stoichiometry of microbial mats,
largely composed of cyanobacteria of the genera Nostoc,
Oscillatoria and Phormidium is very close to the Redfield
ratios of C:N:P for marine phytoplankton and heterotrophic
bacteria [Goldman and Dennett, 2000; Makino and Cotner,
2004]. The influence of mats and hyporheic processing on
stream water chemistry was shown by McKnight et al.
[2004] by adding NO3
, PO4
3 and Cl to Green Creek
Figure 6. Average molar N:P or C:N:P ratios and biogeochemical fluxes among landscape units in
eastern Taylor Valley, Antarctica. Estimated and theoretical aqueous fluxes are depicted by solid arrows,
eolian fluxes by dashed arrows. A general narrowing of N:P ratios illustrates a biological modification of
melt water along this hydrological continuum closer to the ratio of microbial biomass. Lakes, as the
bottom of this hydrological continuum, integrate the legacies of geology and climate resulting in unique
lake chemistries and stoichiometry in each basin contingent upon the chemistry of surface soils and tills
and its climate history. Eolian fluxes of N and P among these landscapes are presented in Table 4. Lake
nutrient loading data are from [Foreman et al., 2004], cryconite data are calculated from Tranter et al.
[2004]; stream and lake sediment data are from Lawson et al. [2004].
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(a stream with high mat density). Following these additions,
stream NO3
 and PO4
3 levels declined rapidly downstream
relative to a conservative Cl tracer. The combined influ-
ence of algal mats and subsurface microbial communities on
stoichiometry is to immobilize nutrients in proportion to the
ratios necessary to sustain balanced growth and metabolism.
[34] Stream discharge is important to lake nutrient bal-
ance because nutrient uptake and retention by mats and the
hyporheic zone vary with flow volume; nutrient retention is
less efficient during high-flow events than during low to
moderate flows [Foreman et al., 2004]. For example, the
highest nutrient loading to Lake Fryxell since the LTER
began monitoring stream flow in 1993 occurred during the
2001–2002 austral summer when Taylor Valley experi-
enced unusually high temperatures and a high rate of glacial
melt. Rates of and N- and P-loading to Lake Fryxell
increased by more than tenfold during this season [Foreman
et al., 2004].
[35] In typical flow years, approximately half of lake
primary production is supported by a combination of
advective nutrient loading from streams and glacier melt
[Priscu, 1995; Takacs et al., 2001]. Redistribution of eolian
sediments [e.g., Fritsen et al., 2000; Lancaster, 2002;
Sleewaegen et al., 2002], could provide a significant bulk
nutrient source to lake surfaces equal to stream discharges
of low-flow years (Table 4 and Figure 6). However, this
form of nutrient loading represents a particulate input to
lake surface ice, which likely is less accessible to lake biota
than the input of dissolved stream nutrients. Sediments of
the hydrological margins at the interface of lakes and soils
are an additional source of nutrients to dry valley lakes,
considering the rates of weathering and nutrient exchanges
reported for stream hyporheic zones [Gooseff et al., 2002;
Maurice et al., 2002]. Priscu [1995] showed that maximum
levels of chlorophyll and primary productivity in Taylor
Valley lakes occurred at a depth determined by the balance
between light attenuation with depth and diffusive flux from
nutrient rich bottom water, indicating that the upward
diffusion of nutrients from highly saline bottom water
across the chemocline provide a significant source of
nutrients to these hyper-oligotrophic ecosystems. Thus a
large proportion of contemporary lake production is sup-
ported by an upward flux of legacy nutrients and particulate
organic matter deposited 103–106 years ago and is linked to
exchanges between lake and soil landscapes that occurred
during the late Pleistocene [Priscu, 1995; Poreda et al.,
2004].
4.3. Ecological Legacies and Stoichiometry
[36] Soils are linked to the hydrological continuum
directly at the hyporheic zones of streams [McKnight et
al., 1999; Gooseff et al., 2002]. However the overall affect
of soils on the biogeochemistry of dry valley ecosystems
may be more significant through indirect mechanisms such
as eolian redistribution and through the cycles of lake
expansion, inundation and recession operating on decadal
to millennial timescales [Doran et al., 1999; Burkins et al.,
2000; Lyons et al., 2000; Doran et al., 2002a; Fountain and
Lyons, 2003]. Lake level fluctuations also alter soil stoichi-
ometry where lacustrine sediments have been deposited on
soils. Soil organic matter bears an isotopic signature (d 15N
and 13C) closely resembling lake mat material. This is true
particularly at low elevations close to the contemporary lake
edges, which are presumably the sites of the most recent
deposition as the lakes recede [Burkins et al., 2000; Lawson
et al., 2004]. Since dry valley soils are enriched in N and P
relative to organic C, and lake systems are N and P limited,
a transfer of nutrients may have proceeded over cycles of
lake fluctuation with lakes contributing moat and benthic
sediments rich in C to soils [Lawson et al., 2004] and in
return acquiring N and P. Thus the long-term productivity of
lake and soil ecosystems may rely on these nutrient
exchanges facilitated by changes in lake volume over
102–104 yrs.
[37] If evolution of the dry valley ecosystem is linked
with landscape development and climate variation over
geologic timescales, what can we predict about the stoi-
chiometric future of the dry valleys under current climate
conditions? Recent evidence supports a net cooling trend
since 1985, with increasing lake ice thickness, lake draw-
down, and decreases in biological activity occurring during
the 1990s [Doran et al., 2002a]. Given the reconstruction of
glacier and lake history, cooling temperatures would reduce
the melt-water generation, and therefore reduce the volume
of saturated sediments at the margins between aquatic and
terrestrial landscapes and thus the delivery of nutrients
(particularly P) to lakes. Such a trend would shift Taylor
Valley toward colder, drier conditions similar to Beacon and
Arena Valleys. In contrast, abrupt seasonal warming, as
occurred during the summer of 2001–2002 caused the
volume of annual stream discharge to increase to that of
2X the previous 8 yrs combined; in response, P loading was
up to 10-fold greater than previous loading rates [Jaros,
2003; Foreman et al., 2004]. This single ‘‘warm’’ season
offset the declining lake levels experienced during the cool
and dry 1990s. Both cooling and warming responses illus-
trate the contingent nature of climate controls over dry
valley biogeochemistry, where the events of one season
can offset the accumulated effects of the previous decade.
5. Conclusions
[38] A static view of element ratios in the McMurdo Dry
Valleys suggests that physical processes dominate a geo-
chemical stoichiometry of soil and aquatic ecosystems, as
illustrated by the imbalanced ratios of some soils. However,
the protoplasmic organisms that comprise dry valley food
webs adhere to strict biochemical requirements in the
composition of their biomass, and when activated by the
availability of liquid water influence the chemical compo-
sition of their environment. Thus we can detect the
influence of biological processes on biogeochemical
stoichiometry, and this influence is constrained by the
availability of liquid water. Here we have developed a
conceptual model describing variation in elemental ratios
and nutrient transformations among aquatic and terrestrial
landscapes of the McMurdo Dry Valleys (Figure 6). From
this model we hypothesize that the elemental composition
of inputs to a given system, i.e., N:P of eolian sediments,
surface glacial chemistry, and/or stream discharge, constrain
biological productivity, while subsequent biotic uptake and
mineralization of nutrients in the water column determine
the elemental ratios of ‘‘downstream’’ fluxes and nutrient
availability. For example, spatial variation in soil nutrients
G01010 BARRETT ET AL.: STOICHIOMETRY OF THE MCMURDO DRY VALLEYS
10 of 12
G01010
and their inputs to aquatic systems contributed to the widely
different nutrient ratios of stream and lake systems observed
among the basins and valleys. Lake stoichiometry in partic-
ular may be strongly linked to the age of the surrounding till
and weathering processes occurring in the adjacent streams
and sediments. Over long timescales (i.e., glacial-intergla-
cial), periodic lake inundation and recession redistribute C,
N, and P among aquatic and terrestrial ecosystems and
sustain the long-term productivity of dry valley ecosystems.
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